What is Systems Biology?
========================

A prerequisite for any article on systems biology, despite the fact that it is no longer a novel concept, is to define what is meant by the term. Two definitions which cover what most people mean when they use the term are:

> The reductionist approach has successfully identified most of the components and many of the interactions but, unfortunately, offers no convincing concepts or methods to understand how system properties emerge...the pluralism of causes and effects in biological networks is better addressed by observing, through quantitative measures, multiple components simultaneously and by rigorous data integration with mathematical models Sauer et al. ([@B39]).
>
> and
>
> Systems biology...is about putting together rather than taking apart, integration rather than reduction. It requires that we develop ways of thinking about integration that are as rigorous as our reductionist programmes, but different... It means changing our philosophy, in the full sense of the term. Noble ([@B34]).

The definition of Sauer is arguably the broadest in that it encompasses both experimental and theoretical mathematical aspects and as such is one that I personally favor. The definition of Noble, as well as that of Kitano ([@B26]) in his seminal paper on systems biology is somewhat more controversial. Indeed the view that the systems biology approach represents a paradigm shift can be and is quite frequently challenged. For example Bothwell ([@B7]) quite correctly argues that systems biology has had a long past, he exemplifies this stance by citing Aristotle, Wilhelm Pfeffer, Charles Darwin, the field of cybernetics and the first winner of the Nobel prize for Chemistry, Jacobusvan\'t Hoff, as exponents of systems biology. Similarly, Robeva ([@B37]) argues that scientists and philosophers alike, including Kant, Goethe, Schrödinger, and Delbruck, in discussing that a living organism is more than a list of its parts essentially were already viewing life from a holistic perspective. Undoubtably Popper ([@B36]) could and should be added to this list. As such defining systems biology as a new kind of biology or the successor to molecular biology as has been done in the past appears rather disingenuous. To the above lists can also certainly be added Kacser and Burns ([@B23]) and Heinrich and Rapoport ([@B19]) for their development of metabolic control analysis -- a theoretical framework describing the extent to which a given enzyme controls the metabolite flux through entire pathways. This theory was the first attempt in computational biology to establish the relation between the parts with the sum theorem clearly demonstrating that properties of biological relevance exist that depend on the system as a whole. As such it paved the way for further modeling approaches looking at metabolic pathways and networks that are of considerably greater scale (see for example Forster et al., [@B17]). What has changed from the times of even the most recent of these works is, however, the magnitude of available data. The implementation of post-genomic technologies and the parallel increase in computational capacities facilitates the collection of ever-expanding datasets has facilitated the collection of vast datasets from microarrays (see for example Schena et al., [@B40]) and mass-spectrometric analysis of proteins and metabolites (see for example Baerenfaller et al., [@B1]; Caldana et al., [@B9]). The advent of next generation sequencing has already rapidly accelerated the rate at which genome sequences are appearing and also dramatically increased the coverage and accuracy of transcript profiling methodologies (Jiménez-Gómez, [@B21]; Schneeberger and Weigel, [@B41]). These developments alongside the large-scale web-based searchable databases of transcript, protein, and metabolite abundances have however certainly dramatically altered the scientific landscape (<https://www.genevestigator.com>; Bais et al., [@B3]; Joshi et al., [@B22]). Such massively multi-parallel approaches are of course not without their own issues with careful controls being required to ensure adequate data quality (Clarke and Zhu, [@B11]; Fernie et al., [@B16]; Tohge et al., [@B46]) and tightly controlled vocabularies needed to allow accurate comparisons to be made across datasets (see for example The Gene Ontology Consortium, [@B45]). That said the research communities focusing on such data acquisition are by and large already aware of these problems and are actively pursuing approaches to ameliorate them. Whilst this is certainly a challenge I believe that efficiently computationally mining these data to better understand metabolism and nutrition, growth and development, and responses to the environment in short *understanding of the complexities in all aspects of plant responses* represents the grand challenge of plant systems biology.

Seminal Papers Laying the Foundation for (Plant) Systems Biology
================================================================

It is all well and good throwing down the gauntlet, however, more important is to suggest possible ways in which the challenge can be addressed I will come back to this in the final section of the article but first I would like to highlight some important conceptual and experimental works which I believe represent solid foundations for the field. There are already many excellent reviews covering aspects of systems biology (Ideker et al., [@B20]; Oltvai and Barabasi, [@B35]; Kitano, [@B26]; Somerville et al., [@B43]) and although historically systems biology was applied exclusively to mathematical modeling strategies (see for example Edwards and Palsson, [@B14]), it is now more widely applied particularly with respect to genomics (Baginsky and Fernie, [@B2]). This said as alluded to above I think that the scope of systems biology is well illustrated by several key papers only a few of which cover plant function. These examples fit into what Breitling ([@B8]) refers to as the esthetic foundations of systems biology in addressing either simplicity, complexity, or diversity. The quest for simplicity is perhaps best illustrated in Kitano ([@B25]) framework of systems biology in which life is described in terms of engineering principles defining system structures, system dynamics, control, and design methods. Modeling of regulatory circuitry also is rooted in this approach as is the search for recurring network motifs capable of implementing similar functions at multiple positions within biological networks (see for example Milo et al., [@B31]; Mangan and Alon, [@B30]; Tyson et al., [@B47]). In plants, one of the nicest examples of systems biology meeting the challenge was provided by the work of Locke et al. ([@B29]) who experimentally validated a feedback loop predicted by modeling of the multi-oscillator clock of *Arabidopsis thaliana*. Similar efforts are currently being advanced in order to model various aspects of plant regulation including that of root, shoot, and leaf development (Bilsborough et al., [@B6]; Muraro et al., [@B33]; Vernoux et al., [@B49]).

Complexity is arguably also best addressed in terms of networks with the work of Barabasi and Oltvai ([@B4]) being instrumental in popularizing the adoption of network perspectives. Such approaches analyze the networks and assign importance to individual network elements (nodes and edges) from purely topological/structural point of view. Important examples of this approach include gene and transcriptional networks, protein interaction networks signaling, and metabolic networks (van Lenne et al., [@B48]; Vernoux et al., [@B49]). A second approach is to include stoichiometry and one to one relationships which pervade biological systems. In terms of metabolism the widespread adoption of genome-scale metabolic networks represents a very good example of this approach. Models have now been published for 10s of species and several plant specific networks being published in the last few years (for a review see Sweetlove and Ratcliffe, [@B44]). These models are not only finding utility in the understanding of metabolic regulation and as foundation for metabolic engineering but also can be used to solve evolutionary problems (Bekaert et al., [@B5]). Another approach, kinetic modeling, provides classical cases in which non-intuitive understanding has been provided by computational analysis. A recent article using this approach to decipher the regulation of plant aspartate metabolism is an excellent example of the utility of this approach (Curien et al., [@B12]). A further alternative approach commonly taken here is the modeling of experimental evaluation of isotope redistribution -- this approach is very much in renaissance driven by the increased availability of mass-spectrometry based detection systems (Schwender, [@B42]). However, it is important to note that the types of modeling required in the different instances mentioned above varies greatly.

Diversity is as yet relatively untapped as a resource for systems biology despite being widely used as a tool for quantitative genetics (Koornneef et al., [@B28]). However, even in plants, systems biology approaches are being adopted which include the data obtained from quantitative genetic screens in a manner which embraces modeling in addition to the statistical analyses on which they are founded. A theoretical expansion of this premise was recently published by Kliebenstein ([@B27]) Moreover, in experimental work from his group mapping of network quantitative loci was used as a method to uncover linkages between metabolic pathways and the clock in *Arabidopsis* (Kerwin et al., [@B24]).

As the example of Locke et al. ([@B29]) illustrates systems biology is perhaps most effective as an iterative strategy in which properties of cellular/organismal systems are acquired and modeled as the first "half of the cycle" then hypotheses are generated and experimentally tested as the "second half of the cycle." To date relatively few studies in plants reported to date complete such cycles. In the microbial field pioneering work of Palsson has shown how effective the layering of experimentally derived data atop of network models also represents a highly powerful validation tool (Edwards et al., [@B13]; Cho et al., [@B10]). First, examples of this approach in plants are now appearing (Williams et al., [@B50]) and it would seem likely that, following on from the considerable success of efforts aimed at integrating data obtained from plants at different levels of the cellular hierarchy, such approaches will prove highly successful in the future.

A Future Perspective
====================

It is increasing apparent that adoption of the engineering principles of (plant) systems biology will provide a solid foundation for metabolic engineering and synthetic biology (Breitling, [@B8]; Frommer, [@B18]). The latter of these is in its infancy in plants, however, it is important to note that successful attempts to transfer the production of important secondary metabolites from plants to microbes have been reported (Facchini et al., [@B15]). Another challenge for systems biology in plants, as opposed to microbes, is the additional complexities that arise in a multicellular organism, given that these features are not unique to plants but are common to many eukaryotes. With this in mind initial attempts at defining tissue-specific (Mintz-Oron et al., [@B32]) and environment-specific (Sajitz-Hermstein and Nikoloski, [@B38]) genome-scale networks represent an important advance. It will be important for researchers active in this area to maintain a broad interest in the parallel developments of systems biology in non-plant systems.

The future development of plant systems certainly requires increasing capacities at theoretical and experimental levels to develop both independently and in concert. Such advances in systems biology and associated disciplines including acquisition and statistical analyses of quantitative data will ultimately be required to reach the ultimate aim of a comprehensive understanding of the complexities of plant responses. Given the inherent multidisciplinary nature of systems biology it would appear likely that this challenge will best be met via collaboration between experimental and computationally minded scientists the impact of dramatic future developments that either community makes in isolation is impossible to foresee. Another challenge that is yet to be fully addressed is the integration of networks from different levels of the system in order to connect heterogeneous data. With this in mind I see no value in precluding any of the myriad of available and emergent opportunities and approaches in addressing this challenge and work embracing computation should be equally encouraged as that facilitating the acquisition and/or databasing of information required for computation. In addition integration of various types and models will certainly require additional theoretical developments and experimental design will likely need to be periodically reviewed in order to fully exploit developing opportunities.
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